ABSTRACT: Brucellosis is a worldwide infectious zoonotic disease caused by Gram-negative bacteria of the genus Brucella, and Brucella infections in marine mammals were first reported in 1994. A serosurvey investigating the presence of anti-Brucella antibodies in 3 Antarctic pinniped species was undertaken with a protein A/G indirect enzyme-linked immunosorbent assay (iELISA) and the Rose Bengal test (RBT). Serum samples from 33 Weddell seals Leptonychotes weddelli were analysed, and antibodies were detected in 8 individuals (24.2%) with the iELISA and in 21 (65.6%) with the RBT. We tested 48 southern elephant seal Mirounga leonina sera and detected antibodies in 2 animals (4.7%) with both the iELISA and the RBT. None of the 21 Antarctic fur seals Arctocephalus gazella was found positive. This is the first report of anti-Brucella antibodies in southern elephant seals. The potential impact of Brucella infection in pinnipeds in Antarctica is not known, but Brucella spp. are known to cause abortion in terrestrial species and cetaceans. Our findings suggest that Brucella infection in pinnipeds is present in the Antarctic, but to date B. pinnipedialis has not been isolated from any Antarctic pinniped species, leaving the confirmation of infection pending.
INTRODUCTION
Bacteria from the genus Brucella give rise to the world's most common zoonotic disease, brucellosis (Pappas et al. 2006) . The main sources of human infection are production animals, and the symptoms in humans are varied and nonspecific. Brucellosis is known to cause abortion and sterility in livestock (Corbel & Brinley-Morgan 1984) and some wildlife species (Godfroid 2002) , including cetaceans (Guzman-Verri et al. 2012) . Transmission of Brucella spp. between terrestrial animals usually takes place through contact with aborted infected material and also during breeding and lactation (Corbel & BrinleyMorgan 1984 , Radostits et al. 2000 .
In the first reports of Brucella in marine mammals, Ross et al. (1994) reported Brucella infection in 4 harbour seals Phoca vitulina, 2 harbour porpoises Phocoena phocoena and a common dolphin Delphinus delphis in Scotland, and Ewalt et al. (1994) isolated Brucella spp. from a captive bottlenose dolphin Tursiops truncatus in California, USA. In 2007, the pin-niped and cetacean isolates were published as new species of the genus Brucella with the names B. pinnipedialis (pinnipeds) and B. ceti (cetaceans) (Foster et al. 2007 ). Since then there have been several reports on the presence of anti-Brucella antibodies and infection with B. pinnipedialis in pinnipeds from most parts of the world (Foster et al. 2002 , Nymo et al. 2011 . Brucella-associated lesions with isolation of B. pinnipedialis from seals has never been recorded, whereas B. ceti has been isolated in association with a wide range of lesions in cetaceans, especially in the reproductive and neurological systems (Nymo et al. 2011 , Guzman-Verri et al. 2012 .
The Antarctic continent is one of the most remote areas of the world and contains up to 50% or more of the world's pinnipeds, with 6 different species: crabeater seal Lobodon carcinophagus, Antarctic fur seal Arctocephalus gazella, Weddell seal Leptonychotes weddellii, Ross seal Ommatophoca rossi, leopard seal Hydrurga leptonyx and southern elephant seal Mirounga leonina. Relatively little data are available on the abundance of these seals (Laws 1984 , Boyd 2009 ). The first indication of the presence of anti-Brucella antibodies in Antarctic seals was reported in 2000 in 6 out of 17 (35.3%) Antarctic fur seals and a Weddell seal found at Cape Shirreff and San Telmo Islets on Livingston Island in West Antarctica (Retamal et al. 2000) . In addition, 5 out of 12 (41.7%) Weddell seals and 5 out of 86 (5.8%) Antarctic fur seals from Cape Shirreff were found to have anti-Brucella antibodies (Blank et al. 2001 (Blank et al. , 2002 . Weddell seals (n = 56; 97%) from the Vestfold Hills in East Antarctica showed a high brucellosis seroprevalence (McFarlane 2009) , whereas Weddell seals (n = 66) from McMurdo Sound in Antarctica were found to be seronegative (Yochem et al. 2009 ). Thirteen southern elephant seals have previously been investigated for antibodies against Brucella spp. and all were seronegative (Abalos Pineda et al. 2009) . A recent study detected antibodies against Brucella spp. in Weddell seals (n = 19; 37%), Ross seals (n = 20; 5%) and crabeater seals (n = 9; 11%), but not in Antarctic fur seals (n = 69; 0%) (Tryland et al. 2012) . Antibodies against Brucella spp. have been detected in captive Australian fur seals A. pusillus doriferus and leopard seals (Dawson 2005) , and a high seroprevalence has been detected in the wild Australian fur seal population (Lynch et al. 2011a,b) , and in wild Australian sea lions Neophoca cinerea (Dawson 2005) . No serological evidence of Brucella infection was found in 101 pre-weaned wild New Zealand fur seal pups A. forsteri (Mackereth et al. 2005) . Importantly, to date the isolation of Brucella spp., which is the only certain diagnosis of brucellosis, has not been documented in any Antarctic species, although several attempts have been reported (Abalos Pineda et al. 2009 , McFarlane 2009 , Lynch et al. 2011a .
Evidence of the zoonotic potential of the marine mammal brucellae is shown by 3 naturally acquired human cases of infection by Brucella ceti-similar strains (Sohn et al. 2003 , McDonald et al. 2006 , Whatmore et al. 2008 . Two of the naturally infected patients were from Peru (Sohn et al. 2003) , and 1 patient was from New Zealand (McDonald et al. 2006) , indicating the possible presence of marine mammal brucellae in the southern hemisphere. The 3 marine mammal brucellae strains (or their DNA) isolated from human patients showed the unusual sequence type 27 (ST27). ST27 has only previously been recovered from a bottlenose dolphin foetus, which came from a region where few isolates have been tested (Whatmore et al. 2008) . ST27 differed from the strain isolated in a single case of laboratory-acquired Brucella infection (Brew et al. 1999 , Whatmore et al. 2008 , and also from most strains isolated from marine mammals from other areas (Groussaud et al. 2007 ). There are no reports of B. pinnipedialis occurring in humans.
The aim of this study was to further investigate the presence of antibodies against Brucella spp. in Weddell seals, Antarctic fur seals and southern elephant seals using a protein A/G indirect enzyme-linked immunosorbent assay (iELISA) and the Rose Bengal test (RBT).
MATERIALS AND METHODS

Sampling procedure
Blood samples from Weddell seals were collected from lactating females (n = 24) and their pups (n = 9) at a breeding colony at Hutton Cliffs, East Antarctica, during the Antarctic spring, October to December 2003. The animals were sedated with a 1:1 mixture of tiletamine and zo la ze pam as previously described (Wheatley et al. 2006) . The blood samples were collected from the extradural vein using the Vacutainer system (Becton Dickinson) into plain tubes. Samples were centrifuged in the field and serum was collected and stored at −20°C until analysis. The sampling was performed as a collaboration between Macquarie University, Australia, the University of Otago, New Zealand, and the University of St Andrews, UK, to investigate maternal fitness effects on health and immunity, and breeding strategies in Weddell seals (Wheatley et al. 2008) .
Freshly dead adult Antarctic fur seal males, dead from unknown causes (n = 21), were obtained at the breeding colony of Freshwater Inlet on Bird Island, South Georgia, in December 2008. Necropsies were carried out in situ, and approximately 2 ml of blood were collected from the aorta and preserved in 1.5 ml eppendorf tubes at −20°C.
Blood samples were obtained from southern elephant seals (n = 37) from Macquarie Island, Pacific Ocean, during their annual moult in 2000 and on South Georgia (n = 11) in 2005. Animals were sedated with a 1:1 mixture of tiletamine and zolazepam (Zoletil ® 100, Virbac; or Telazol ® , Wildlife Pharmaceuticals) at an approximate dose rate of 0.2 to 0.4 mg kg −1 , and blood samples were collected from the extradural vein using the Vacutainer system into plain tubes. Samples were either centrifuged or left to settle, and the serum was collected and stored at −20°C until processed. The sampling at Macquarie Island was performed as part of a collaborative study between the Australian Antarctic Division, Australia, the University of Tasmania, Australia, and the University of St Andrews, UK, investigating energetics and diving behaviour (Biuw et al. 2003) . The study on South Georgia was part of the larger international study 'Marine Mammals Exploring the Oceans Pole to Pole', MEOP (Biuw et al. 2007 ).
Serological methods
Serum samples were tested for antibodies against Brucella spp. with the RBT, with Brucella abortus Weybridge 99 strain as an antigen (IDEXX Laboratories, Pourquier) according to the manufacturer's instructions (OIE 2008) . An iELISA previously shown to yield results in coherence with a panel of serological tests when utilized on hooded seal Cystophora cristata serum samples was also used (Nymo et al. 2013) . The mean optical density (OD) of duplicate wells was expressed as a percentage of the reactivity of a positive serum from a bacteriology-positive hooded seal ([OD sample/OD positive control] × 100) = percent positivity (%P). The cutoff for the iELISA was calculated by the mean value of 125 negative hooded seal serum samples (negative in the Complement Fixation Test, the Slow Agglutination of Wright [SAW EDTA] and the RBT) plus 2.58 standard deviations, pro viding a cutoff for the iELISA of 73.6%P (Nymo et al. 2013 ).
Data analysis
Linear regression analysis was used to evaluate the correlation between seropositivity and age for the Weddell seal data. Age was analysed as a categorical variable with pup and adult as the 2 age levels. A p-value of < 0.05 was considered significant. Analyses were performed using R software (R Development Core Team 2007).
RESULTS
Antibodies against Brucella spp. were detected with the iELISA in serum from 8 out of 33 Weddell seals (24.2%) and with the RBT in 21 out of 32 Weddell seals (65.6%; Table 1 ). All of the iELISA positive samples were also RBT positive. The seroprevalence was found to be higher among adult Weddell seals (88.9%, p < 0.05), whereas all pups were found to be seronegative with the iELISA. Three of the seropositive adult Weddell seals were females with seronegative nursing pups.
Two out of 48 southern elephant seals (4.7%) were seropositive (the same 2 individuals tested positive with both the iELISA and the RBT; Table 1 ). It was not appropriate to test for differences in prevalence by age due to the very small number of positive samples, but the 2 positive elephant seals were a subadult from South Georgia and a pup (<1 yr old) from Macquarie Island. All Antarctic fur seals examined were seronegative (Table 1) .
DISCUSSION
Our results, together with previous studies, suggest that seals are probably exposed to Brucella spp. in the Antarctic. Two of the 3 pinniped species tested had anti-Brucella antibodies. Both seropositive species belong to the family Phocidae. The Antarctic fur seal is the only species in our study from the family Otariidae, and we found no seropositive animals from this species. Our study, like previous studies, indicates that this otariid shows a low prevalence of antibodies against Brucella spp. (Retamal et al. 2000 , Abalos Pineda et al. 2009 , Tryland et al. 2012 . Although B. pinnipedialis has been isolated in many different Phocidae species (Nymo et al. 2011) , isolation from otariids has only been reported once in California sea lions Zalophus californianus, and the characterization of these strains is still pending (Goldstein et al. 2009 ).
Serological cross-reactions and false positives are major problems when detecting anti-Brucella antibodies by serological methods. In cattle, most of the problems arise from an immune response of the animal to another microorganism which shares epitopes with brucellae O-polysaccharide (Corbel 1985) , Yer si nia enterocolitica O:9 being the most important (Caroff et al. 1984) . Some other known possible cross-reacting agents are Francisella tularensis, Salmonella group N (O:30), Escherichia coli O:157 and O:116, Stenotrophomonas maltophilia and Vibrio cholerae (Alton et al. 1988) . In a large study of several species of seals from the North Atlantic Ocean, all animals seropositive for brucellae were seronegative for Y. enterocolitica O:9, and Y. enterocolitica O:9 could not be isolated from various tissues of 62 animals (Tryland et al. 1999 ), indicating that crossreactivity with Y. enterocolitica O:9 was not the likely cause of seropositivity in these animals. Y. enterocolitica has never been isolated in Antarctica (Gasper & Watson 2001 ), but we cannot rule out the possibility that Y. enterocolitica O:9, or other cross-reacting bacteria, are potential confounding factors in Antarctic pinniped tests. Seroprevalences previously reported in Weddell seals from the Vestfold Hills have been as high as 97.0% (n = 57; McFarlane 2009), which might indicate a cross-reacting agent, because a brucellosis enzootic situation where virtually all animals in the population have been exposed to Brucella spp. has never been described.
Presence of antibodies may suggest exposure to brucellae at some point in time, but not necessarily an active infection, and the ability of a serological test to detect antibodies is also dependent on the time post-infection . A recent study in a declining Alaskan harbour seal population re ported an assay-dependent difference in apparent exposure rates to Brucella spp. when using the brucellosis card test, the B. abortus plate test, a competitive ELISA using an antigen derived from Brucella isolated from a harbour seal, a B. ovis ELISA as well as a B. canis rapid slide agglutination test (Hueffer et al. 2013) . A seemingly higher seroprevalence de tected using the RBT, as in the present study, could be explained by the use of lipemic serum or by the conversion of fibrinogen to fibrin, which can lead to false positive results (Nielsen et al. 2005) . The much higher seroprevalence detected with the RBT than with the iELISA in this study, reinforce the need for a careful interpretation of exposure and exposure rates to Brucella spp. in pinnipeds. A previous study on hooded seals (Nymo et al. 2013 ) utilizing the same iELISA as in the present study and the RBT showed a Cohen's kappa value (to assess pairwise coherence) between the 2 tests of 0.52. The PrA/G iELISA yielded a seroprevalence of 23.8% (41/172), while the seroprevalence found with the RBT was 9.9% (17/172; Nymo et al. 2013) . This further strengthens the evidence of sample quality affecting the outcome of the RBT, as some of the serum samples used in the present study were from animals found dead, and thus of poor quality, and the sera from lactating pups were highly lipemic, while the hooded seal sera in the previous study were of good quality (I. H. Nymo pers. obs.). The elephant seal sera included in our study -for which the iELISA and RBT results were in accordance with each other -were of good quality.
Hutton Cliffs is an important breeding site for Weddell seals in McMurdo Sound. A previous serological investigation from 1996 to 1999 for anti-Brucella antibodies in Weddell seals from this area resulted in no seropositive animals (n = 81; Yochem et al. 2009 ). We found a relatively high seroprevalence in this population. The reason for the discrepancy between our study and the study of Yochem et al. (2009) , which are only separated by 4 yr, is unknown. The Weddell seal population overall is stable with regards to population size (McFarlane 2009 , Yochem et al. 2009 ), indicating that the high prevalence of possible Brucella spp. seropositive animals is for now not negatively affecting reproduction. This is in accordance with previous observations related to the isolation of B. pinnipedialis in the absence of any associated gross lesions in different seal species (Nymo et al. 2011) .
The southern elephant seal population at Macquarie Island reaches sexual maturity later than those from South Georgia and shows lower survival and growth rates. Survival of first-year seals has in periods been dramatically low, and the population has declined from ~183 000 in 1949 to ~76 000 in 2001 (Hindell et al. 1994, Australian Antarctic Division unpublished data) . Why the population is declining is still unknown, but low juvenile survival has been suggested as a factor (Hindell 1991) , as has food availability (McMahon et al. 2003) . Approximately half of the global adult population of southern elephant seals breeds at South Georgia, and the population numbers continue to be stable (McCann & Rothery 1988 , Boyd et al. 1996 . To our knowledge, no previous assessments have been made of the Brucella-serostatus of this population or the South Georgia population.
California sea lions commonly suffer from reproductive failure, including abortions and premature live births. Prior investigation showed the presence of Brucella spp. DNA in 3 out of 59 of the investigated placentae, and 2 of the placentae were also culture positive, but lacked any Brucella-associated histological lesions (Goldstein et al. 2009 ). The lack of histopathology and lack of isolation of Brucella spp. from any of the 67 aborted or live-born premature sea lion pups included in the study suggests that Brucella spp. had no role in the abortions or premature pup deliveries. Goldstein et al. (2009) concluded that there were multiple aetiologies of abortion and premature parturition in the sea lions, including domoic acid. Abortions are also commonly observed in Australian fur seals (McKenzie et al. 2005) , and a high prevalence of Brucella spp. seropositive adult females (56.8%) has been detected in this species (Lynch et al. 2011b) , while the seroprevalence among juveniles is somewhat lower (37.8%) and the seroprevalence among pups is close to 0 (1/301; Lynch et al. 2011a) . Lesions seen in 4 aborted foetuses were consistent with bacterial infection, but Brucella spp. could not be detected by bacteriology or PCR in any of the 39 aborted fetuses and 11 placentae investigated. The absence of detection of Brucella spp. did not support the involvement of Brucella spp. in these abortions (Lynch et al. 2011a) .
Altogether, the results of our study and previous studies performed in Antarctic seals suggest that Brucella spp. might be present in the Antarctic. It is important to stress that up to date, Brucella spp. have never been isolated from any Antarctic seal species, although attempts have been reported (Abalos Pineda et al. 2009 , McFarlane 2009 , Lynch et al. 2011a . Thus the question of whether Brucella spp. occurs in seals in the Antarctic ecosystem still remains to be answered. Further studies aimed at isolating the bacteria should be performed to determine if Brucella spp. is present in Antarctic seals, as well as establishing the potential health impact of the disease. 
